We report the first application of valence-band photoemission to a quantum-dot system. Photoernission spectra of cadmium sulfide quantum dots, ranging in size from 12 to 35 A radius, were obtained using photon energies of 20 to 70 eV. The spectra are qualitatively similar to those obtained for bulk cadmium sulfide, but show a shift in the valence-band maximum with size.
The electronic structure of semiconductor quantum dots is strongly size dependent when the dot diameter is comparable to or smaller than the bulk exciton diameter. ' Theoretical studies of such systems have predicted many interesting effects in semiconductor cluster electronic structure including discrete, well-defined states near the edges of the band.
Optical studies have confirmed these models of quantum confinement.
Further investigation into quantum-dot electronic structure away from the band edge has been limited by the inability to prepare adequate samples for nonoptical spectroscopies.
In Fig. 1 we present first nonoptical observations of the electronic structure of semiconductor quantum dots.
A synthetic advance in dot preparation allowed the clusters to be bound to a metal surface, thereby decreasing the problem of charging, and allowing for the use of photoemission. Such spectra give very different information from existing optical studies. Figure 1(a) shows the photoemission spectrum in the 0-20-eV binding-energy regime of 38-A-diam CdS quantum dots. This spectrum provides information about both the shape and absolute energy of the valence band, in contrast to ultravioletvisible spectra, which specify energies of the bands relative to each other, and give useful information only at the band edge. Figure 1( The solvation of charge in confined systems, although well studied in gas-phase alkali-metal clusters, has not previously been measured in condensed-phase semiconductor dots. Unlike optical spectra, the photoemission data in Fig. 1 Another feature of the data presented in Fig. 1 is that the clusters, whether bound to gold or aluminum, give qualitatively similar spectra. This insensitivity to the metal surface is not surprising given that the escape depth of the photoelectrons at these energies, 30-70 eV, is 10-30 A.. ' With a uniform coverage of clusters 24 to 70 A in diameter, the spectra only reflect the density of states of the cluster. In contrast to these ultraviolet photoemission spectroscopy spectra, x-ray photoemission data on these same samples show significant features from the metal surfaces, reflecting the increased escape depth of the higher-kinetic-energy electrons.
Photoemission spectra have been obtained for clusters of CdS ranging in size from 12 to 35 A radius. The preparation of a film of clusters bound to a metal was crucial since spectra from powders gave broad, small signals. Features in the spectra could be assigned to the cadmium 4d core and the CdS valence band. The surface of the cluster did not contribute a noticeable feature to the data. The data show a small, but measurable shift of the valence-band maximum to higher energy in smaller clusters. We attribute this shift to a combination of quantum confinement and loss of dielectric solvation energy in smaller particles. This study establishes the feasibility of using photoemission to study quantum dots.
Using the method we have developed for attaching the quantum dots to the metal surface, it is possible to change the metal, the chemical nature of the organic linker, and the distance from the quantum dot to the metal. Thus we will be able to further test the origin of
